Many factors control accurate determination of water saturation (Sw). Cementation exponent (m) and tortuosity factor (a) are from those that have been focus of many studies. Log-log plot of porosity (φ) versus formation factor (F) is used to determine m and a. The cementation exponent is determined from the negative slope of the least square fit straight line of the plotted points, while the tortuosity factor is the intercept of the line where φ = 1. In heterogeneous carbonate reservoirs where pores and pore throat networks are complex due to various diagenetic processes, F and φ scatter significantly on the φ-F plot. This will cause a small coefficient of determination between F and φ and thus less reliable m and a. Although classification of data based on petrofacies and/or permeability may improve the correlation to some extent, but data still show significant scatter.
Introduction
Estimation of water saturation (Sw) is one of the most important tasks in formation evaluation. Accurate estimation of Sw and thus hydrocarbon reserve is critical to reduce the uncertainty of financial forecasting and in developing an oil or gas field. Sw is a parameter that mainly should be estimated using resistivity log data. The basis for this is the conductivity difference between formation water and hydrocarbons.
Archie in 1942 studied the resistivities of a large number of brine-saturated cores recovered from various sandy formations and covering a range of porosity from 10 to 40 percent. He defined the formation resistivity factor (F):
Where Ro is the resistivity of clean, porous, water saturated formation and Rw is the resistivity of the formation water. Archie (1942) determined that there was also a relationship between the formation resistivity factor and the porosity and permeability of the reservoir rock. He defined the following relationship with porosity: Later the formation factor was slightly modified by Winsauer et al., (1952) 
where a is tortuosity factor.
Archie also summarized the work of earlier workers showing the relationship between water saturation and the R t /R o ratio and this lead to the development of the Archie's equation for the Sw estimation in clean formations: where Rt is true resistivity of the formation and n is saturation exponent.
The accuracy of Sw calculation depends on the accuracy of the Archie's parameters, a, m and n. These parameters, that can not be measured experimentally, have been subject of many studies. It has been shown that the use of inaccurate values for Archie's parameters have significant effects on F and thus on Sw calculation (Hosseini-nia and Rezaee, 2002) .
In routine formation evaluation m and a are considered constant for a given reservoir rock. It is a common practice to obtain m by assuming a constant value for a and calculating m for each sample. Rocks, mainly carbonates, display complex pore structures, which significantly affect their electrical resistivity. Since physical properties of these rocks may vary significantly from one sample to another, m and a values can not be considered constant.
In this paper, a new method has been introduced to classify F and porosity into separate electrical flow units (EFU), using current zone indicator (CZI). The method improves porosity and F correlation considerably.
This study also shows that forcing a to be a constant value causes m to increase.
Consequently, this will lead to both pessimistic and optimistic calculation of Sw, depending on the reservoir tortuosity factor.
Basic Concepts

Cementation exponent
Cementation exponent was first defined by Archie in 1942 . Noticing that an increase in m values is associated with sandstone consolidation, Archie named this exponent as cementation exponent. A wide range of m values has been introduced by several authors ranging from 1 for fractured rocks to slightly more than 5 for highly compacted rocks. In Archie's study (1942) , m was 1.3 for unconsolidated sands and ranged between 1.8 and 2.0 for cemented sandstones. Timur et al., (1972) obtained values of a = 1.13 and m = 1.73 for 1800 sandstones from 15 oil fields. Wong et al. (1984) worked on fused-glass beads and showed that m values were 2.3 for 0.02<φ<0.2, and 1 for 0.2<φ<0.4. Hamada et al., (2002) determined values of a and m for 20 clean and porous sandstones. They found a and m being 1.36 and 2.03 for one well, and 0.95 and 1.85 for the second well, respectively. Focke and Munn (1987) demonstrated that m depended on the petrofacies and porosity type in carbonates. In their study, assuming a=1, m ranged between 2 and values as high as 5.5. Dubois et al., (2001) introduced m=1.36 for oomoldic limestones. Using Archie's Equation as a base, many authors (e.g., Neustaedter, 1968; Nugent et al., 1978; Sethi, 1979; Rasmus, 1983; Borai, 1987; Focke and Munn, 1987) have introduced methods to determine m from log data. Log porosity and invasion corrected deep resistivity (Ro) were used to estimate F in wet zone. In all mentioned studies, a was assumed 1.
Tortuosity Factor
The tortuosity (a) has been theoretically defined as the ratio of the mean path length (La) to the straight line of porous medium length (L) (Carman, 1937) :
A value of 25/12 was determined for the tortuosity of uniform spherical particles by Bird et al., (1960) using Blake-Kozeny model. Higher values of tortuosity have been reported by many researchers. Wong et al. (1984) showed that tortuosity became 3.3 when φ was between 0.02 and 0.2 in fused-glass beads. Dubois et al., (2001) found tortuosity factor of about 9.5 for oomoldic limestones. Hirasaki (2005) reported an increase in tortuosity when sorting (standard deviation of grain size) and porosity of sand grains decreased. He showed that a value could reach 35 when porosity of sand grains approach zero due to sorting reduction. Attia (2005) suggested that tortuosity factor could not be considered constant since it depended on many factors such as the amount of fine grains, formation resistivity factor, cementation exponent, porosity and degree of brine saturation.
In general, the more tortuous the pore throats are, the harder it is for current to flow through the reservoir and the higher the resistivity.
Inter-relationship of m and a, Theoretical Derivation
Wyllie and Rose (1950) mentioned a 100-fold increase in a was accompanied by a 4-fold increase in m. Salem and Chilingarian (1999) 
where ∆m is m 2 -m 1 .
As an example, for a rock with a porosity value of 10%, m = 2.4 and a = 1.3, F will be 326.545 (Table 1) . Again, for such a rock, with a presumed constant formation factor of 326.545 and a value of 2 for m, a must be adjusted to a value of 3.265. 
Equations 8 and 9 show the inter-relationships among porosity, F, a, and m values.
As an example, in a rock with 15% porosity, m 1 =1. Although in these equations, m and a are related, it does not necessarily mean that there is a direct relationship between a and m, as other authors reported, since F is involved in all equations. These equations will enable us, in the following sections, to evaluate errors generated for Sw calculation, when forcing a to any fixed values.
Studied Samples Characteristics
In this study, 92 clean carbonate core samples were selected from Asmari Formation in six wells of three oil fields, Zagros Basin, southwest Iran. Oligo-Miocene Asmari 
Core Analysis
Selected samples were cleaned by toluene in a Soxhlet apparatus, and dried at 60°C for 24 hours prior to any analysis. Porosity and permeability were measured in reservoir condition using Ultra-Porosimeter 200A, Ultra-Permeameter and CMS-300™ (Core Measurement System). Core porosity values ranged from 2.5 to 26% with a mean value of 10%. Range of permeability was between 0.01 and 91.9mD with a mean value of 5.4 mD.
In order to measure electrical resistivity (Ro), samples were fully saturated by a brine with approximately the same water salinity of Asmari Formation (200,000 ppm, NaCl).
Using FRF Overburden Rig at a frequency of 1kHz, electrical resistance (r) of the samples was measured along the axis of cylindrical plugs in reservoir condition. Then, resistivity (R) was calculated from the measured resistance (r) using the cross-sectional area of the core (A) and the length of the core (L). Formation factor was obtained as a ratio of rock resistivity (Ro) to brine resistivity (Rw). It ranged from 24 to 1611 with a mean value of 206.
Determination of m and a
The conventional determination of m and a is based on Equation 3 that can be rewritten as:
This equation indicates that log-log plot of F versus φ can be used to determine a and m.
The cementation exponent m, is negative slope of the least square fit straight line of the plotted points, while the tortuosity factor is the intercept of the line at φ = 1. Figure 2 shows log-porosity versus log formation factor for the samples of this study. Two different methods were applied to obtain m and a (Figure 2) . on their lithology, facies, porosity type and permeability to achieve a better correlation between porosity and F (e.g. Focke and Munn, 1987; Byrnes et al., 2003) .
Results and Discussions on the Classification Methods
In the following sections different classifications have been applied for the samples to find more accurate relationship between porosity and F.
Classification based on Petrofacies
In order to obtain more accurate correlation between porosity and F, the studied samples were classified based on their petrofacies. Figure 3 shows the cross-plot of porosity versus F for different petrofacies. Some petrofacies appear in narrower trends and show higher R 2 values. Table 3 (Table 3 , last column).
Classification Based on Permeability and Petrofacies-Permeability Groups
Samples were classified based on their permeability classes to evaluate the effect of permeability on the φ-F plot. The permeability classes were defined as: K<1mD, 1<K<5, 5<K<10; 10<K<50 and K>50mD. Figure 4 shows the cross-plot of porosity versus F for each class of permeability. Although the classes were plotted separately to some extent, but a well defined fit line could not be obtained for each class using this method. This may be due to a weak relationship between F and permeability. Cross-plot of permeability versus F shows a weak correlation ( Figure 5 ). For example samples with permeability of 20mD show F values of 30 to 526. This suggests that although there are many common parameters in hydraulic and electrical conductivity of porous media, but it seems other factors must be taken into account for carbonates with complex network of pores and pore throats.
Classification Based on Flow Zone Indicator
Generally, there is a weak correlation between porosity and permeability, especially in carbonates. To find a better correlation between porosity and permeability and define hydraulic flow unit (HFU), Amaefule et al. (1993) developed an expression as:
where FZI, K and φ are Flow Zone Indicator (µm), permeability (mD) and porosity (fraction), respectively. φ Z is pore to matrix volume ratio (PMR) and can be expressed as:
The equation defines a relationship between volume of void space (φ/1-φ) and its geometric distribution (√K/φ). A hydraulic flow unit with identical hydraulic properties shows close FZI values. On a semi-log plot of permeability versus porosity, samples with similar FZI values normally plot together indicating close relationship between porosity and permeability in each HFU.
In the present study, FZI values were used for classification of the samples. The value for each sample was calculated using Equation 20. Log FZI was applied to separate different HFUs. The samples were grouped in four HFUs using four FZI classes (FZI>0.5, 0.5>FZI>0, 0>FZI>-0.5 and -0.5>FZI>-1). Plotting porosity versus permeability regardless of the sample classification resulted in scattered plot and low determination coefficient (Figure 6 ). However, in the same cross-plot when data were grouped in separate HFUs, R 2 was significantly increased (Figure 7 ).
With the same HFU groups, samples were later plotted on the F-φ cross-plot ( Figure   8 ). Scattered data in each HFU indicates that this approach was not also successful for binning porosity and F in well-defined groups.
In general, it can be stated that classification of samples based on permeability or FZI values is not successful. It is indicated that hydraulic and electrical path are not identical and hydraulic tortuosity is much larger than electrical tortuosity. This is a fact as permeability scales to a pore throat radii with a power of four and the electric conductivity scales to a pore throat radii with a power of two (David, 1993) . A study by Zhang and Knackstedt (1995) on fluid-flow and electrical conductivity of three dimensional random porous medium at a microscopic level showed that hydraulic tortuosity is systematically larger than the electrical tortuosity, and can differ by as much as an order of magnitude at lower porosities. Another study by Slater and Lesmes (2002) indicated that permeability does not correlate with F in unconsolidated sediments.
Another study by Hilfer and Manwart (2001) on three-dimensional computer tomographic image of Fontainebleau sandstone revealed that the permeability and F can differ significantly even in models with identical geometrical properties.
A New Method for Sample Classification
Like porosity and permeability, in log-log plot of porosity versus F, data may scatter significantly for a mixture of heterogeneous rocks. This will lead to small R 
where RQI is in µm, K is permeability (mD), φ is porosity (fraction) and 0.0314 is the conversion factor from mD to µm. RQI is an estimation of mean hydraulic pore throat radius. In a given porosity, an increase in mean hydraulic radius will increase permeability. In the other word, higher RQI values indicate better reservoir quality.
Although, a global relationship has not been found between permeability and F, an inverse proportionality has been reported by many authors (Wong et al.,1984; Guyon et al., 1987; Kostek et al.,1992; Nettelbladt et al., 1995; Celzard and Marêché, 2002) .
Taking this fact into account, an identical ratio to Equation 22 can be defined as:
Since the ratio is an indication of electrical radius, it is called Electrical Radius Indicator (ERI). Unlike RQI which provides mean value of hydraulic radius, ERI is dimensionless and only quantitatively compares electrical radius of samples. Equation 23 shows that with a given φ, a decrease in F, will increase ERI and vice versa. A comparison of RQI and ERI represents a relatively good match in terms of data fluctuation (Figure 9 ), suggesting that both of them may address the same properties.
Lack of exact match between RQI and ERI values supports other studies findings (Zhang and Knackstedt, 1995; Hilfer and Manwart, 2001; Slater and Lesmes, 2002) which have shown that hydraulic and electrical path are not identical ERI is an indicator of electrical radius for each sample. In order to separate samples with similar electrical flow properties, ERI must be divided to volume of void space or pore to matrix volume ratio (φ/1-φ): Figure 10 shows the cross-plot of porosity versus F binned in four CZI classes. The main difference between each EFU was the amount of isolated vuggy and/or moldic porosity. From EFU1 to EFU4 the number of isolated pores increases. This suggests that, increase in tortuosity from EFU1 to EFU4 is not due to porosity reduction. Higher tortuosity of pore throat networks is due to presence of isolated and dead-end pores which in turn lead to a longer pathway. 
Water Saturation Calculation Sensitivity Using Different Methods
In this section, the influence of m and a on Sw calculation using different methods will be discussed. With a fixed a (a =1) the slope of the best fit line increases comparing to the free best fit line (Figure 2 ). Using Equation 13, if m changes from m1 (1.1, 1.18, 1.22 and 1.34, Table 4 ) to m2=1.95, then a must be adjusted to achieve the same F value for each sample. In the other word, when m is considered 1.95, the calculated a values must be used instead of a =1 to obtain accurate F. Figure 12 shows histogram of calculated a values from Equation 13. It shows that about 14% of a values are close to 1, 56% are higher than 1.15 and 30% are lower than 0.9. In the meanwhile, F values calculated from the free method does not match the F values from CZI method (Figure 14) . The small correlation between porosity and F (Figure 2 ) has led to small fit between these values.
Conclusion
This study shows that for heterogeneous carbonates with microscopically complex pore networks the relation between F and porosity is not straightforward. For such complex reservoirs, using a unique value for m and a will lead to an inaccurate estimation of hydrocarbon reserves.
The most basic and widely used form of Archie's equation for carbonates is:
Although, an assumed m = 2 and a = 1 is relatively fair choice for carbonates with dominantly interparticle and intercrystalline porosity, for carbonates with secondary porosity and complex network of pores and pore throat however it may cause a significant error in Sw estimation.
This study shows that classification of rocks based on petrofacies, permeability and FZI is inadequate to obtain accurate values for m and a. In additions, using free best fit line without sample classification and or fixing a to a constant value, which causes m to increase, may lead to both over and underestimation of Sw.
Application of CZI method to classify the samples in well defined groups (EFUs) provided a suitable method to obtain accurate a and m and thus better estimation of Sw.
CZI method has shown that the samples fall into multiple groups where the variation is mostly due to tortuosity factor. For each group, unlike m that vary slightly from 1.1 to 1.3, a changes from 5 to 19. The wide variation of a from EFU1 to EFU4 is mostly due to an increase in the isolated and dead-end pores. This study suggests, unlike rocks with intergranular and well-connected pores, for rocks with complex pore networks where most of the intergranular pores are occluded by cements and irregularly-distributed secondary pores are either isolated or connected by tortoise path, tortuosity plays an important role controlling electrical conductivity.
This suggests that, increase in tortuosity from EFU1 to EFU4 is not due to porosity reduction. Higher tortuosity of pore throat networks is due to presence of isolated and dead-end pores which in turn lead to a longer pathway. =3 and a 1 =1) 8000.000 1000.000 125.000 37.037 15.625 Table 2 -Calculated tortuosity factor (a 2 ) using F values in Table 1 . Figure 1 -Cross-plot of porosity versus tortuosity factor (data from 
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